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I 
INTRODUCTION 
A  uniformly illuminated" visual  field  becomes  inhomogeneous in 
appearance  when  the  light  intensity  of  a  part  of  it  is  sufficiently 
changed.  The  just  perceptible  difference in  intensity  zXI  depends 
primarily on the intensity I; secondarily, it is determined by many 
other variables as well.  Because of the relation of AI to I, it is cus- 
tomary to  use  the Weber  fraction  aI/I  as  a  measure  of  contrast 
sensibility.  The  present  investigation is  concerned  first  with  the 
relationship between M/I and I; and second, with the dependence of 
this relationship on the area of the test-field. 
Although the  systematic variation  of  AI/I  with I  has  been fre- 
quently  determined  (Aubert,  1865;  Helmholtz,  1866;  Koenig  and 
Brodhun,  1888,  1889;  Blanchard,  1918;  Lowry,  1931)  the  data  of 
different investigators differ in important details, as for example, in 
the behavior of AI/I  at high intensities.  In view of the theoretical 
importance of  this  function for  the  photoreceptor process  (Hecht, 
1935),  it.is  desirable  to  establish  the  function  definitively, under 
unambiguous experimental conditions. 
The effect of the area of the test-field on the capacity to discrimi- 
nate intensities has been previously studied only at single fixed bright- 
nesses (Lasareff, 1911; Heinz and Lippay, 1928) or over a narrow range 
of intensities (Cobb arm Moss, 1928).  The existence of this depend- 
ence implies a  definite relationship between the intensity difference 
threshold and  the total  number of visual receptors stimulated.  Its 
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precise  form,  and  its  variation  over  a  wide  range  of  intensities is 
therefore important for theoretical analyses of the statistical aspects 
of sensory functions (Hecht,  1928).  By exploring the entire course 
of the function relating AI/I and I  for each of a  series of test-fields 
of widely different areas, it was possible to attain both objectives of 
the present research simultaneously. 
II 
Apparatus 
Two different forms of apparatus have been used.  Both presented the same 
aspect to the subject--a test-field of variable size divided either centrally or other- 
wise into two parts and surrounded by a large peripheral field.  The instruments 
provided independent control of both parts of the test-field and of the surround 
over wide ranges of intensity of illumination. 
Apparatus A.--The first arrangement is shown schematically in side view in 
Fig. 1A.  Light from a 250 watt projection Mazda lamp L, regulated at 2.20 am- 
peres, after passing through a condenser C, two ground-glass screens S, and a bi- 
prism, illuminates two rectangular windows wx and w2.  A neutral gelatin wedge 
and balancer WG (perpendicular to the plane of the figure) covers w,.  Over wl a 
neutral filter F matches a point near the thick end of the wedge.  The second bi- 
prism B and lens L direct the light in such a way that light from wl reaches the eye 
at the artificial  pupil P  only through the lower half of the biprism, while light from 
w2 reaches it only through the upper half.  The apical edge of the biprism furnishes 
a dividing line which is invisible when the fields are matched in hue and brightness. 
The exit pupil P  is a  circular opening of 2.0 mm. diameter.  It serves to fix the 
position of the observer's eye and to eliminate the effect of variations in the natural 
pupil.  Wratten neutral filters F in front of the exit pupil control the brightness in 
discrete steps. 
Diaphragms DI of various apertures placed beyond the lens control the size of 
the bipartite field.  D2 is a larger diaphragm with an outside diameter of 20  ° and 
a fixed aperture of 5°37 ', slightly  less than the full aperture of L.  Diaphragms D2 
and D1 are covered with a layer of MgO.  The surfaces of D1 and D2 furnish the 
surrounding field; they are illuminated by a  500 watt projection lamp LS fitted 
with condensers, wide aperture projection lens, and mirror M.  Since the light 
intensity is controlled by filters at the observer's eye, the surround illumination 
bears a constant ratio to that of the test-field.  In most experiments this ratio was 
0.14, and will be called the standard surround brightness. 
The wedge at w,, controlled by the observer with a  rack and pinion, governs 
the brightness of the variable half of the test-field.  It'is 15 cm. long, and its posi- 
tion can be read to 0.1 mm. on an attached scale.  It was calibrated with a vacuum 
thermocouple and a  Leeds and  Northrup  HS  galvanometer, infrared  radiation 
being excluded with a solution of copper sulfate.  Empirical justification for this J.  STEINHARDT  187 
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FIG.  I.  A  diagrammatic side view of  the  optical arrangements  used  in  the 
measurement of intensity discrimination with Apparatus A is shown in the upper 
portion marked A, while the arrangements of Apparatus B are shown in top view 
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method was obtained with decimal neutral filters which had been calibrated visu- 
ally with a Martens polarization photometer.  Within the error of the determina- 
tions, the logarithm of the wedge transmission was a linear function of the scale 
readings.  Wedge and balancer together covered a total range of transmissions of 
approximately 2.5 to 1. 
The decimal filters in front of the pupil are mounted in two movable frames, 
each containing five squares transmitting, respectively, approximately 1,  1/10, 
1/100,  1/1000, and 1/10,000 of the incident light.  Two filters, one from each of 
the two frames, are in front of the observer's eye simultaneously.  An additional 
filter transmitting either 1/2 or 1/4 can be inserted, thus making possible 27 differ- 
ent light intensities over a range of about 1 to 400,000,000.  The filters were cali- 
brated with a  Martens polarization photometer, using the method described by 
Hecht, Shlaer, and Verrijp (1933).  These authors have also described the method 
used for measuring the absolute brightness of the field.  The highes  t  brightness 
was close to 16,000 millilamberts.  To convert this to photons, that is, to units of 
retinal illumination, it is multiplied by 10r  2 where r is the radius of the exit pupil 
in millimeters.  Here r  =  1, and the highest intensity therefore is about 160,000 
photons. 
To translate the wedge readings into M/I, the wedge-setting at which both 
halves of the field have the same brightness must be known.  This matchpoint 
which changed with the age of the apparatus, was determined for every experiment, 
the average of at least 10 settings being taken as the day's value.  Errors in this 
value may affect the smaller ratios of ~xI/I very considerably. 
The apparatus described above proved inadequate in several important respects. 
The maximum intensity was too low; the test-field was too rigid in pattern; small 
errors in matchpoint determination weighed heavily in the computations; and, 
above all, the two halves of the field showed hue differences which were impossible 
to exclude, and which, though imperceptible at low illuminations, were a source of 
annoyance and uncertainty at high intensifies.  Apparatus B was constructed to 
circumvent these difficulties. 
Apparatus B.--In this apparatus one light of intensity I  illuminates the entire 
visual field, while another light M  adds its illumination only to that portion of the 
field which constitutes the test-spot.  Thus, small hue differences between the two 
lights are diluted and disappear.  Higher illuminations are achieved by an optical 
system in which diffusion screens are unnecessary and have been omitted. 
In Fig. 1B the lamps $1 and S~ are 100 watt concentrated-filament projection 
Mazdas, operated at 0.86 amperes.  The relative brightness of the lamps is fol- 
lowed by measurement of the wedge matchpoint as described below; changes in 
absolute brightness are measured by comparison with a  standard lamp, using a 
Weston  photronic cell screened  by a  solution of copper sulfate.  No significant 
change was noted in the duration of the experiments. 
An enlarged image of the filament S1 is produced by the condenser C1 on the 
achromatic lens L1.  A slightly enlarged image of the diaphragm at C1 is produced, 
by Li and L3 and the half-platinized mirror M, at the focus of the 10  X Ramsden J.  STv.I~L~DT  189 
ocular O.  The observer, looking through the 3 mm. artificial pupil P  sees an en- 
larged, intensely illuminated image of the aperture of C1.  If the  apparatus is 
carefully aligned, this illumluafion is critically uniform.  The field-size is con- 
trolled by diaphragms cut in a metal slide D4 at the focus of the ocular. 
The optics of the beam from Ss are similar to those of $1 except that the size and 
shape of itsimage in the field are regulated by the diaphragm X, which is so mounted 
that it may be rotated manually or with a motor, by the attached disc Ds. 
The wedge WG in the path of the light from S~ covers a transmission interval of 
about 1 to 50.  When its dense end covers the lens, the light added to the large 
field illuminated by $1 is too small to be perceptible.  When its clear end is before 
the wedge, the added light AI is about 60 per cent of I.  Values of AI/I up  to 
about 0.60 are therefore directly measurable.  Higher values are obtained by re- 
ducing I  relative to M  with a neutral filter (transmitting 1/2) inserted between 
the mirror and L1.  Similarly,  values of AI/I smaller than about 0.012 are obtained 
by inserting the filter between the mirror and Ls. 
The wedge was calibrated by two different methods, without removal from the 
apparatus.  The first time a  Weston photronic  cell, screened from infrared and 
ultraviolet light, was connected to a  sensitive low resistance millivoltmeter pro- 
vided with a shunting arrangement that gave different ranges of sensitivity with a 
constant total circuit resistance.  6 months later, a  visual calibration was made 
with a Macbeth illuminometer.  Both methods showed a linear relation between 
the logarithm of the transmission and wedge-scale readings, the slopes agreeing 
within 2 per cent.  The slope obtained visually has been  used in most of the 
computations. 
The filters in front of the ocular control the intensity as in Apparatus A and 
were similarly calibrated.  Experiments with "monochromatic" filters were per- 
formed by inserting Wratten filters in the space between the mirror M  and the 
lens L3 where they intercept light from both beams. 
It is not possible to measure  the apparent brightness of the visual field as 
directly as in the case of Apparatus A, owing to the use of a  short focus ocular. 
However, an approximately correct value was obtained binocularly, both eyes 
being fitted with artificial pupils.  The maximum apparent brightness, with all 
filters removed, was about 2,000,000 photons. 
When a fixation point was required, a neutral filter transmitting 1/4 of the light 
and having a very fine hole punctured through it was placed at D4.  The result 
was a  shift of 0.60 log units in the intensity scale, and the production of asmall 
bright spot in any desired part of the field. 
To calculate AI/I it is necessary to determine the wedge setting at which the 
brightnesses of $1 and $9. have some known ratio.  This was done by careful dia- 
phragming at C1 and at X, to obtain a  divided field, each half of which received 
light from one of the two beams only.  Witil a neutral filter of known transmission 
inserted at L1, the wedge was then moved until a match was obtained. 
One advantage of the present apparatus is that the per cent error in AI/I caused 
by error in setting the wedge is the same at all wedge positions; likewise small errors 190  VISUAL INTENSITY  DISCRIMINATION 
in estimating the matchpoint will affect the accuracy of all values of AI/I by the 
same factor.  Another advantage is that it provides a  flexible test-field pattern; 
in this way it can be set so that the recognition of a  pattern is required of the 
observer; here the lack of a physical counterpart to the dividing line increases the 
definiteness of this requirement.  Against these advantages must be noted the 
aberrations produced by the ocular, noticeable with extremely small test-spots; and 
the difficulty of providing a large surround when a  bipartite field is used. 
III 
Procedure 
Before each experiment, the observer was dark-adapted for 25 minutes; occa- 
sionally, when using small test-areas falling within the fovea, shorter periods were 
allowed, special experiments having shown that hI/I did not change after 6 min- 
utes dark adaptation, when small fields were used.  Measurements were always 
begun at the lowest intensities.  Before beginning a  setting, the observer, pro- 
tected from all stray light, allowed about a minute for adaptation to the prevailing 
intensity; at very high intensities, 5 minutes were sometimes allowed.  The setting 
occupied 3 minutes or longer and consisted in gradually adding light to one part 
of the field until the difference in intensity became perceptible. 
The magnitude of td/I is affected by the procedure and by the criterion of 
certainty adopted.  In this paper the criterion was the appearance of a distinct 
boundary between the fields.  With the first apparatus the fields were stationary; 
with the second apparatus the test-field was rotated slowly at constant speed (10 
R.p.~r.), and the observer was required to name the direction of rotation.  The 
latter procedure gave reproducible averages with two or three settings, and made it 
possible to measure all the intensities in a single day.  Each experiment made in 
this way was repeated at least once.  Curves obtained on different days vary some- 
what, but the differences are consistent throughout.  With the first apparatus, the 
entire intensity interval could be covered in one day only by measuring at fewer 
(alternate)  intensities; points in between were  then  determined on  subsequent 
days.  Four such complete sets were made for each size of field.  This method is 
slow; moreover, averaging different days' work tends to obscure certain disconti- 
nuities in the data.  However, the averaged data are more independent of the 
time element, and comparisons of results with different areas may be made with 
confidence. 
An assistant, Miss Dorothy Pope, controlled the current in the lamps, and read 
and recorded the wedge settings.  With the second instrument, she also changed 
the position or direction of rotation of the test-area.  The author is greatly in- 
debted to Mr. Simon Shlaer of the Biophysics Laboratory for practical advice and 
assistance in the design and construction of the two instruments described in the 
preceding section. j.  ST~.~I~DT  191 
IV 
Results of the Measurements 
(A ) Main Data 
During  3 years,  over 6000 measurements of AI/I have been made 
on the right eye of the author at intensities between 0,02 and 2,000,000 
TABLE  I 
Relation of AI/I to log I  for different size of field; standard surround present. 
All data  represent averages of  10-20 determinations on 4  days,  except the  two 
fields, 3°44 ' and 16' which were obtained each on a  single day., 
AI/I 
Log I  in  Log I  in 
photons  photons 
5o36  '  4°40  '  3°44  '  2°14'i 
5.212  0.0140.014 0.011 0.015! 
4.892  0.012 0.013 0.009 0.015: 
4.595  0.0150.0100.0090.014 
4.256  0.014 0.016 0.016 0.020 
3.963  0.016 3.015 0.015 0.021 
3.639  0.0160.015 0.014 0.017 
3.175  0.015 i0.012 0.014 0.019 
2.855  0.015 3.017 0.013 0.020 
2. 558  0.019 3.013 0.014 0.023 
2. 168  0.015 3.018 0.016 0.027 
1.848  0.019 3.0200.0170.032 
1.551  0.023 3.021 0.025 0.038 
1.124  0.028~.0310.0360.056 
0.804  0.036 E).042 0.037 0.076 
0.507  0.055 ~.047 0.057 0.112 
0.168  0.089 3.0980.1000.168 
--0.152  0.141 3.1630.1800.306 
--0.449  0.221 3.2430.3130.521 
--0.896  0.313 0.4000.462  3.854 
--1.216  0.408 0.4520.594 
--1.513  0.444!0.5400.664 
--1.888  0.577 0.7660.858 
--2.208  0.764 
56'  41'  31'  1 23.5'  16.1'  12.2'  9.1' 
4.991  0.027 0.0540.043 0.053  3.1440.525 
4.671  0.023 0.0400.0410.0300.10~  D.1230.252 
4.374  0.0280.0500.0450.046  D.127 0.315 
4.035  0.025 0.0550.0450.050  3.1390.304 
3.715  0.025 0.0450.0480.0450.157  3.1660.331 
3.418  0.028 0.052 0.0480.060  3.161 0.471 
2.954  0.028 0.061 0.055i0.072  3.178 0.499 
I 
2.634  0.034 0.056 0. 058[ 0.066 0. 144 3.190 0.452 
2.337  0.0370.0630.061  D.080  D.1850.524 
I 
1.947  0.0450.0710.0720.105  D.2110.498 
1. 627  0.054 0.068 0. 085[ 0.109 0.27C  3. 274 0. 465 
1. 330  0. 070 0. 102 0. 099 D. 147  C). 294 0. 549 
0.903  0.0950.1270.1780.315  D.388 0.690 
0. 583  0. 139 0.218 0.236 0.405 0,498 ~).620 0.8'13 
0.286  0.242 0.3040.379 0.579 
-0.053  0.322 0.5400.621 
--0.373  0.587 
photons,  using  test-fields  with  diameters  between  2404  '  and  9'.  In 
this  communication  the  chief  concern  will  be  with  the  relation  of 
AI/I  to  the  intensity,  though  the  results  can  hardly  be  presented 
without describing the more general aspects of the area effects. 
The main data are in Tables I, II, and III.  Those in Table I were 192  VISUAL  INTENSITY  DISCRIMINATION 
obtained with a surround of constant size (Apparatus A) kept at an 
illumination  approximately  1/7  that  of  the  test-field.  Those  in 
Table II were obtained under similar conditions but with no surround. 
Table III (Apparatus B) deals with large fields and presents the data 
of  individual  experiments  singly.  Because  of  the  large  fields,  no 
surround was necessary, as will be shown later.  Fig. 2 represents a 
TABLE  II 
Relation  of M/I  to Log I  for Different  Size of Field; No Illuminated Surround. 
Average of 15-20 Readings on 4 Days 
Log I in  Al/l  Log I in 
photons  photons 
4o40 , 
t*I/l 
5C  41'  31S  23.5' 
5.212  0.014  4.991  0.041  0.049 
4.892  0.011  4.671  0.030  0,034 
4.595  0,013  4,374  0.031  0.041 
4.256  0.017  4.035  0,027  0.044 
3.936  0.016  3.715  0.031  0.047 
3.639  0.015  3.418  0,030  0.046 
3.175  0.015  2.954  0.040  O. 053 
2. 855  O. 016  2. 634  O. 033  O. 055 
2. 558  O. 017  2. 337  O. 041  O. 061 
2.168  0.021  1.947  0.054  0.071 
1. 848  0.022  1.627  0.050  O. 085 
1.551  0.029  1.330  0.066  O. 105 
1.124  0.038  0.903  0.109  0.150 
0.804  0.050  0.583  O. 138  0.210 
O. 507  O. 066  O. 286  O. 247  O. 380 
0.168  0.126  --0.053  0.393  0.624 
--0.152  0.183  --0.373  0.604 
--0.449  0.284  --0.670  1.211 
--0.896  0.475  --1.117 
--1.216  0.507  --1.437 
--1.513  0.660  --1.734 
--1.987  0.821  --2.208 
O. 058  O. 168 
O. 065  O. 128 
O. 065  O. 135 
O. 060  O. 149 
O. 079  O. 160 
O. 072  O. 143 
O. 075  O. 168 
O. 088  O. 158 
O. 089  O. 158 
O. 090  O. 165 
0.112  0.182 
O. 136  O. 200 
O. 185  O. 289 
O. 297  O. 372 
0.469  0.671 
0.860 
16.1' 
0.588 
O. 383 
O. 373 
0.4,38 
O. 388 
0.340 
0.312 
O. 259 
0.248 
O. 233 
O. 239 
O. 282 
0.377 
O. 588 
O. 928 
portion of these data, a selection having been made to avoid crowding. 
The two largest fields are from Table III (two sets of data for the 
largest field are shown) ; the others from Table I.  It is apparent that 
the  measurements though made  at  different  times,  with  different 
apparatus,  and different light sources,  are homogeneous and repre- 
sent  essentially  the  same phenomena.  This is  best  shown by  the 3.  ~TEBCaA~T  193 
TABL~-  III 
Relation of 4I  /I to Log I for Large, Slowly Rotating Fields.  The Columns Represent 
Specimen  Averages of Readings Made on Single Days 
Log I in 
photons 
6.300 
5. 980 
5.643 
5. 345 
5. 024 
4. 677 
4. 264 
3.943 
3.606 
3.257 
2.937 
2. 599 
2.213 
1. 893 
1. 555 
1.257 
0.936 
O. 623 
O. 599 
0.286 
O. 193 
--0.120 
--0. 120 
--0.128 
--0.441 
-- O. 441 
--0.465 
--0.465 
--0.778 
--0.799 
-1.112 
-1.119 
--1.432 
--1.457 
--1.770 
--1.866 
--2.179 
--2.186 
--2.499 
--2.523 
--2.836 
al// 
24  °  5°38  , 
0.0169 
O. 0163 
O. 0158 
O. 0136 
O. 0147 
O. 0135 
0.0127 
0.0137 
0.0154 
O. 0164 
0.0185  0.0214 
O. 0232 
O. 0285 
0.0422 
O. 0396 
O. 0548 
O. 0552 
0.0780  0.0893 
0.106  0.114 
O. 114 
O. 162  O. 150 
O. 189  O. 179 
0.197  0.202 
0.240  0.244 
0.331  0.339 
0.419 
O. 702 
O. 0202 
0.0231 
O. 0202 
O. 0205 
O. 0196 
O. 157 
O. 0192 
O. 0207 
O. 0246  O. 0282 
0.0318 
0.0423  0.0547 
0.0928 
O. 157 
0.151 
O. 0875 
0.227 
O. 120 
0.343 
0.162 
0.463 
O. 177 
O. 536 
0.218 
O. 281 
0.317 
0.711 
O. 756 
Log l ln  AI/I 
photons 
17  • 
5.707  0.0174 
5.409  0.0174  0.0155 
5.088  0.0176  0.0154 
4.741  0.0166  0.0161 
4.328  0.0169  0.0143 
4.007  0.0173  0.0139 
3.670  0.0168  0.0160 
3.321  0.0172  0.0140 
3.001  0.0160  0.0130 
2.663  0.0160  0.0125 
2.277  0.0168  0.0155 
1.957  0.0197  0.0159 
1.619  0.0217  0.0189 
1.619  0.0215 
1.321  0.0247  0.0218 
1.000  0.0352  0.0344 
0.687 
0.663  0.0447  0.0484 
0.350 
0.257  0.0666  0.0779 
$°38' 
0.0276 
0.0272 
O. 0206 
O. 0226 
0.0211 
O. 0282 
0.0347 
O. 0434 
0.0528 
0.0910 
--0.184 
--0.192  0.100 
--  O. 505 
--0.529  0.134 
--0. 529 
--  O. 842 
--0.864  0.174 
--  1.176 
--1.183  0.195 
--1.496 
--1.521  0.222 
--1.834 
--1.930  0.294 
--2.243 
--2.250  0.469 
--2.563 
-2.587  0.542, 
--2.900 
O. 168 
0.113 
0.316 
0.151 
O. 145 
O. 477 
0.203 
O. 556 
0.227 
O. 702 
0.253 
O. 324 
0.407 
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curves  drawn  through  them;  these  have  ~1  been  traced  from  the 
same stencil, and are the theoretical curves derived by Hecht  (1934, 
1935)  for the  general  relation between AI/I and  I.  Their applica- 
bility will be discussed later. 
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FIC. 2. Intensity discrimination in the human eye as influenced by illumination 
and size of field.  The data for all except the two largest fields are taken from Table 
I and represent averages of 15 or 20 readings on four different days.  The data for 
the two largest fields are taken from Table III and represent averages of 3 to 5 read- 
ings in single experiments.  All the curves are identical in form, merely shifted in 
position on the ordinates. 
Several  characteristics  of  the  data  in  Fig.  2  require  particular 
attention.  In confirmation of Aubert, of Koenig and Brodhun,  and 
of Blanchard,  AI/I is large at low intensities, and diminishes rapidly ~'.  STEINI-IARDT  195 
as I  is increased.  The decrease becomes more gradual at high values 
of I  until there is practically no further change beyond about  1000 
photons.  Above  this  intensity,  the  points  scatter  noticeably  cor- 
responding to increased variability of the individual readings, and to 
greater  subjective  difficulty  with  criteria.  With  the  two  largest 
fields  there  are  apparently  systematic  discrepancies  in  this  high 
iutensity interval,  the data lying above the curve.  The individual 
experiments with these fields show this deviation, but its extent varies. 
They were all made with Apparatus B  and may represent an experi- 
mental artefact.  The largest field of Table  I  (Apparatus A)  is the 
same size as the smallest of Table III (Apparatus B), and it does not 
show this discrepancy.  1  In all but these very large fields, AI/I be- 
comes practically constant at the highest intensities; there is conse- 
quently no optimum intensity for discrimination. 
These data  are in  disagreement with the findings of Koenig and 
Brodhun (1889)  in a number of ways.  In particular, these investiga- 
tors  record  a  systematic and  substantial  increase  in  M/1  at  high 
intensities.  The secondary rise in AI/I has already been questioned 
by Guild  (1932),  and is not confirmed by the careful measurements 
of Lowry (1931)  who reports an almost insignificant rise of doubtful 
validity (smaller even than shown by the data of Table III).  Lowry's 
high  intensities and our own  are easily as high  as  and very likely 
higher  than  those  achieved  by  Koenig  and  Brodhun.  Their rise 
may  depend  on  incomplete light  adaptation  (cf. Hecht,  1935  and 
experiments  on  the  effect of  a  surround,  below).  Neither  Wolf's 
measurements with the honey-bee (1933a, b)  nor  the  data  of Hecht 
and Wald  (1934)  on Drosophila show an upturn of 4I/1 at high in- 
tensifies.  Measurements  with  Mya  arenaria  (Hecht,  1924,  1935) 
show minima in some experiments, but these depend on single high 
points only, and are therefore uncertain. 
At low intensities the curves approach a limiting straight line with 
a  slope of  -1.  This means that 41 becomes constant, independent 
of I.  Thus, although Weber's generalization AI/I  =  k is true as a 
1  The rise at high intensities in the data for very small fields in Table I is shown 
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limiting condition at one end of the curve, at the other end the con- 
trary limit is attained, and Air  --  k.~ 
(B)  Area 
Discrimination is better in  large fields than  in  small  ones.  The 
entire relation between 4I/I  and I  is displaced with area.  The dis- 
placement is principally upward, but there is probably also a  slight 
shift  along  the  abscissa.  This  is  contrary  to  what  Wolf  (1933b) 
found with the honey-bee by the moving stripe method.  There the 
displacement of the data  caused by reducing the  stripe  width  was 
mainly  horizontal,  toward  higher  intensities.  Careful  replotting 
of his data  (Hecht, 1935)  shows some vertical displacement also. 
The data for the different areas fall sharply into two groups.  Those 
below 2  ° are continuous and are best represented by one curve.  Those 
above 2  ° show an obvious discontinuity and are best represented by 
two curves.  The transition occurs at about 0.3 photons,  and is re- 
sponsible for the low values of AI/I which are obtained with large 
fields at intensities far below those at which discriminating capacity 
practically vanishes in smaller areas.  The smaller the test-field the 
higher the level on the lower curve at which the break occurs.  Slight 
changes in the position of the break occur in individual experiments 
with the same size field; the two curves which intersect at the break 
may thus  be  affected independently in  day-to-day variations,  and 
hence probably correspond to distinct visual processes. 
As  Hecht  (1935)  has  shown,  this  break is  clearly present in  the 
original data of Aubert (1865),  and in the measurements of Blanch- 
ard  (1918).  Neither Koenig and Brodhun's data with white, blue, 
and  violet  light,  nor  the  rather  sparse  measurements by  Holladay 
(1926) with white light show the presence of a break, but it is strikingly 
present in the orange, yellow, and green (Brodhun's eye) light data of 
Koenig  and  Brodhun  (1888).  It  is  probably  significant  that  all 
previous data which show a break are easily fitted with the theoretical 
curves drawn in Fig. 2  (cf. Hecht, 1935),  whereas the others are not. 
2 Fechner's modification of the Weber law (Fechner,  1860),  aI/(I + C)  = k 
possesses these two limits, and is in fact algebraically identical with another of 
Hecht's theoretical equations which describes intensity discrimination in Droso- 
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In the absence of a break, the points in that region are lower, and act 
as if they represent a summation of the two component curves.  This 
is equivalent to saying that even the steep descending portion of these 
data  cannot  be  described  by  Hecht's  equation.  Thus  the  data  of 
Koenig and Brodhun  stand  apart  from the data of all other careful 
investigators  on three major  counts. 
Numerous studies of human visual phenomena have demonstrated 
the general applicability of yon Kries' Duplicity theory (1929).  The 
relations between visual acuity and intensity  (Hecht,  1928), between 
critical fusion frequency of flicker and intensity  (Hecht and Verrijp, 
1933a, b), and between threshold and time of dark adaptation  (Kohl- 
rausch,  1931;  Hecht, Haig,  and Wald,  1935)  show two  parts  corre- 
sponding to the two parts of von Kries' dual mechanism, the rods and 
cones.  The  various  changes  in  the  relation  between  AI/I  and  I 
brought  about  by  differences in  experimental procedure are entirely 
consonant with yon Kries'  hypothesis of the  separate  functions and 
Sensibilities  of the  retinal  rods  and  cones.  3 
(C) Color 
Two methods of differentiating rod and cone function (Hecht, 1921; 
Kohlrausch,  1931;  Hecht  and  Verrijp,  1933a)  are  (1)  to  alter  the 
spectral  composition of the stimulating  light,  and  (2)  to control the 
position  of  the  test-image  on  the  retina.  The  first depends  on  the 
fact  that  different  regions  of  the  spectrum  have  widely  different 
stimulating  efficiencies for the  rods  and  cones.  Light  from the  red 
end of the spectrum is especially useful because it gives a  maximum 
ratio  of cone to rod sensibility.  The  second method depends on the 
fact that  the center of the human retina is practically rod-free while 
peripheral  regions  contain  increasingly  more  rods  than  cones.  The 
3 Certain of the measurements with very large fields obtained with Apparatus 
B show  a persistent elevation above the theoretical curve at high intensities, whidh 
may possibly mean that a third receptor system takes over discrimination at the 
highest intensities in the same way that the cones take it over from the rods at 
more moderate brightnesses..Since this involves the assumption that AI/I would 
otherwise rise at high intensities and since the possible evidence for it, both physio- 
logical and histological (Rochon-Duvigneaud, 1907), is dubious, no further  con- 
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measurements to be described in this connection are incomplete, but 
conclusive in their meaning. 
Wratten filters Nos.  70,  88, and 89A were used to isolate the red 
end of the spectrum; they transmit light of wavelengths longer than 
670,  680,  and  690  m#  respectively.  In  Fig.  3  the  measurements 
with No.  70 filter for 24  ° and 5°38 r fields are compared with typical 
white light curves for the same areas.  The brightness scale for the 
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FIG. 3.  Intensity discrimination as affected by use of red light with two different 
sizes  of test-field.  For comparison, data obtained with white light for the two fields 
are also included in the figure.  The points represent averages in a single experi- 
ment.  White light data for the larger field are not strictly comparable to the 
others since they were obtained with a somewhat lower criterion of judgment. 
red and white lights is the same, having been adjusted by means of 
factors determined in previous flicker measurements with the identical 
filter  (Hecht and Verrijp,  1933a). 4  With  the smaller field, the red 
4 The appropriate factor appears to be a functiofl of the field size.  Thus, the 
adjustment for the smaller field results in almost perfect superposition of the lower 
components, while the same factor does not quite produce this effect with the data 
for the larger field.  The correction factor used was actually determined in flicker 
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light data differ strikingly from those with white light by the complete 
absence  of  the  upper  curve.  There  is  also  a  small vertical  shift  in 
the  curves.  The  red light  data  fit  the  standard  curve closely,  even 
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FIO. 4.  Intensity discrimination in a field of 5038  ' as affected by the position of 
the retinal image.  The points represent averages obtained in a single experiment. 
The open circles are measurements with central fixation, the solid circles measure- 
ments with fixation 4  ° down. 
TABLE  IV 
The Relation of M/1 to Log I for a Field with a Diameter of 5°38  ' Placed 4 ° Off-Center 
Log I in photons  AI/I 
1.611 
I. 291 
0.953 
O. 655 
O. 334 
--0.003 
--0.409 
--0. 730 
--1.067 
O. 0547 
O. 0729 
O. 104 
O. 136 
O. 224 
O. 366 
0.427 
0.690 
O. 986 
better than do the data for white light which exhibit slight deviations 
just  below  the  intersections  of  the  two  curves  (though  these  devia- 
tions  appear only  in  experiments with  Apparatus  B,  and  are  hence 200  VISUAL INTENSITY DISCRIMINATION 
of secondary significance).  The  differences between  the  two  sets of 
data obtained with red and white light are very similar to differences 
brought  about by changes in  the  size of the  field. 
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FIa. 5.  Intensity discrimination in the human eye as affected by the presence 
of a surround.  The surround brlghtness'is approximately 0.14 times the test-field 
brightness.  The data are taken from Tables I and II and represent averages on 
four different days.  The curves are the same as in Fig.  1.  No curve is drawn 
through data for 23.5' field obtained without surround. 
These differences are  even more apparent  for the  24  °  field.  Here 
the  difference  between  the  two  curves  is  not  entirely  due  to  the 
spectral composition of the stimulus because the white light dat~ were j.  SmEmHARDT  201 
gotten with a  criterion which yielded values of log M[I about 0.15 
units lower than those usually obtained.  There remains nevertheless 
a  large vertical displacement.  The greatest change is shown at low 
intensities where the white light  data  extend almost  two log  units 
below the  red.  The absence of the break and  of the low intensity 
component is obviously due to the low stimulating efficiency of red 
light for rods.  It should be noted, in confirmation of this interpreta- 
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FIG. 6. Intensity discrimination data for a field of 23.5' as affected by the 
brightness of the surround.  The lines connecting two of the sets of points have 
no significance other than aiding the reader to separate the data.  The points 
represent averages obtained on four different days. 
tion, that there is very little difference between the white light data 
for the small field and the red light data for the large. 
These results confirm the conclusions drawn by Hecht (1935)  from 
the red, orange, and yellow light data of Koenig and Brodhun, and 
already referred to.  For 670 m# their measurements fall on a  single 
curve representing cone function, while for 605,  575,  and  (for Brod- 
hun's eye) 505 m/z, the low intensity, rod section becomes increasingly 
larger, as would be expected from the relative sensibilities of the rods 202  VISUAL  INTENSITY  DISCRIMINATION 
and cones to these different portions of the spectrum.  The blue and 
violet data, like their white data, do not show any break, and may 
indicate summation of the two functions under particular experimental 
conditions. 
(D) Exce~tric Fields 
The method of testing the duplicity theory by varying the retinal posi- 
tion of the test-field helps to distinguish between effects of area due to 
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FzG. 7. Data for a test-field of 31' as affected by surround brightness.  For 
comparison, measurements obtained with a 23.5' field  with no surround and with 
a strong surround are included.  The points represent averages obtained on four 
different days. 
size and those due to kinds of retinal element dominant in the different 
areas.  The data show that it is possible to imitate some features of 
centrally fixated large area data with smaller areas viewed excentri- 
cally.  Table IV presents measurements with a  5°38 '  field placed 4  ° 
below the center.  They are compared in Fig. 4 with central fixation 
data.  In  the peripheral  data the rod curve is displaced downward 
0.34 units, and the cone curve upward about the same amount.  Sec- J.  STEINHARDT  203 
ondarily, there is a horizontal displacement of the rod curve, as well. 
Obviously in the periphery the cones are a less sensitive system than 
in the center.  The reverse is true for the rods though the secondary 
horizontal displacement partly obscures  this.  The position  as well 
as the size of the retinal image determines the nature of the results. 
Measurements by Kravkov (1931)  are consistent with this conclusion. 
TABLE  V 
The Effect  of Surround  Brightness on the Relation  of 41/1 to Log I. 
l?epresent Averages of 10-20 Determinations on 4 Days 
The Data 
23.5' field 
Surround 4 times standard 
Log I  in photons 
4.610 
4.290 
3.993 
3.654 
3.334 
3.037 
2.573 
2.253 
1.952 
1.566 
1.246 
0.949 
0.522 
0.0378 
0,0412 
0,0397 
0,0432 
0.0470 
0.0548 
0.0617 
0.0739 
0.0798 
0.115 
0.138 
0.164 
0.280 
Surround 1/4 of standard 
Log I  in photons  AI/I 
5.212  O. 145 
4.892  O. 108 
4. 595  0.122 
4. 256  0.124 
3. 936  0.120 
3. 639  0.124 
3.175  0.131 
2.855  0.143 
2.554  0.147 
2.168  0.153 
1.848  0.150 
1.551  0.167 
1.124  0.193 
0.804  0.303 
0.507  0.420 
0.168  0.758 
31' field 
Surround 4 times standard 
Log I  in photons  AI/l 
4.610  0.0453 
4.290  0.0553 
3.993  O. 0403 
3.654  O. 0421 
3.334  O. 0498 
3.037  O. 0467 
2.573  0.0634 
2.253  0.0717 
1.952  0.0660 
1.566  0.0976 
1.246  0.121 
0.949  0.124 
0.522  0.248 
0.202  0.451 
(E) Surround 
The measurements given in Table I were made with the test-field sur- 
rounded by an area the brightness of which was 0.14 of the test-field. 
The absence of such a surround affects the data with small test-fields 
considerably more than those with large fields.  Data obtMned with- 
out surround scatter more widely, especially at high intensifies.  Fig. 
5,  constructed from Tables  I  and II,  shows that  with  the possible 
exception of the smallest field, absence of a surround does not change 
the form of the relation between the variables.  The position of the 204  VISUAL  INTENSITY  DISCRIMINATION 
curves, however, is distinctly shifted upward to an increasing  extent 
as the fields are reduced.  With the 31' field the differences are con- 
siderable,  while  with  the  23.5'  field  they  are  so  great  that  merely 
shifting  the curve does not suffice to describe it.  There appears also 
to be a  smaller, and much more variable displacement toward higher 
intensities; the average for all the curves without a surround is about 
0.2  log units. 
Since absence of a surround has so marked an effect in small fields, 
it is natural  to ask whether the surrounds used in obtaining the data 
of Table  I  were  sufficient.  Fig.  6  shows  the  data  for  a  23.5'  field 
without  a  surround,  with the standard  surround  of 0.14 of the test- 
field,  and  with  1/4  of  and  4  times  the  brightness  of  the  standard 
surround.  It is apparent  that with this small field even a  weak sur- 
round  influences  the  position  of  the  data.  The  difference between 
the standard and 4 times the standard surround is not very large, but 
is probably real.  Fig.  7 shows the data for the  31'  field.  For this 
area  there  is  no  difference  between  the  standard  and  4  times  the 
standard;  the effect is therefore maximal.  The points in Figs. 6 and 
7 are from Tables I,  II,  and V. 
In Fig.  7, data for the 23.5' field is introduced for comparison.  It 
is apparent  that  the  values  of ,~I/f with the two fields are  almost 
identical  when  determined  with  a  proper  surround.  There  appears 
a possible slight horizontal displacement, but no vertical one.  These 
measurements  show  that  below a  field  size  of  30'  diameter  wholly 
erroneous  impressions  would  result  from  comparing  measurements 
with fields of various sizes without  a  surround  of the  same order of 
brightness  as the  test-field intensity.  For this  reason  areas  smaller 
than this were not included in Fig.  2  although  given in Table I. 
V 
Interpretation 
The data have shown that  visual intensity  discrimination  may be 
regarded as a f ur~c'tiOn of two distinct groups of receptors which differ 
in retinal  distribution,  in  spectral  sensibility,  and in intensity  thres- 
hold.  The group predominating  at low intensities is more peripher- 
ally distributed  and  has  its maximum  spectral  sensibility further  to 
the blue than the group which discriminates at high intensities.  These j.  STEnCm~Pa)T  205 
three differences, among others, identify the former as rods, the latter 
as cones. 
Because of the break in the data for all fields larger than 2  ° it is 
supposed that these two types of receptors function practically inde- 
pendently of each other over their distinctive intensity ranges.  This 
supposition is strengthened by the fact that the data for fields below 
2  ° , the data for all fields with red light, and the large field data to the 
right of the break are all described by the same curve.  Moreover, 
the effects of area, surround brightness, wavelength, and fixation can 
all be described on the basis of these particular curves which change 
in position but not in form. 
It is possible that this independence of rod and cone function is 
not absolute,  and  that  due to  a  limited kind of summation under 
certain  conditions, the  capacity  to  discriminate  is  better  than  it 
would be if either of the two systems were functioning alone.  This 
appears to occur, if at all, only at intensifies near the break and only 
for the largest fields used, with Apparatus B.  Summation may be 
invoked to explain the absence of a break in the blue and violet data 
of Koenig and Brodhun; yet the fact that the break is also absent in 
their white data, whereas our own white data and those of Aubert 
and  of Blanchard  show the break  strikingly  (Hecht,  1935)  speaks 
against such an interpretation.  Nevertheless certain aspects of the 
quantitative relation between A[/[ and area, to be reported in another 
communication, tend to support the idea of a limited, additive effect 
under certain conditions. 
The curves drawn through the data in all of the figures are theoret- 
ical ones and are taken from the equations recently derived by Hecht 
(1934,  1935) as a basis for the intensity discrimination of a variety of 
photosensory systems.  This assumes that in  order to  discriminate 
between two intensities I  and I  Jr A1 there must be produced a con- 
stant  difference in the  rate  of photochemical decomposition at  the 
moment when the receptor is exposed to the just perceptible incre- 
ment A/after adaptation to I.  If the first step in the photosensory 
process is assumed to be a  cyclical, pseudoreversible photochemical 
reaction, Hecht (1934,  1935) has shown that for the cones, intensity 
discrimination may be described by the equation 
AI/I =  C(1 +  1/[K/1~)*.  (1) 206  VISUAL  INTENSITY  DISCRIMINATION 
When  plotted  on  logarithmic  coordinates  this  equation  gives  the 
curves used in  this paper.  Only the position  of the curves on  the 
ordinates  will  be  affected by  changes  in  the  constants  K  and  C. 
Hence, the values of some of these constants must be different under 
varying experimental conditions,  and  the  effects of area,  surround, 
wavelength, fixation, and criterion can probably be understood in terms 
of their effects upon these constants.  This is the point of departure 
for further analysis of such effects. 
It is necessary to add that only the cone data in our measurements 
are adequate for judging the validity of equation (1).  The rod data 
cover too  small  a  range  for a  critical  decision between it  and  the 
simpler form 
~lr = c(1 + UKr).  (2) 
The curves here drawn for the rods are the same as for the cones. 
Equation  (1)  is noteworthy not only because it describes the data 
for the human eye, but also because together with the related equa- 
tion  (2)  it may be used equally well to express intensity discrimina- 
tion for the bee, for Drosophila,  and for Mya  (Hecht, 1935). 
The fundamental assumption that a  difference in rates rather than 
in  equilibrium quantities is  the determining factor in  intensity dis- 
crimination  is  reasonable  if  the  photoreceptor  system is  a  cyclical 
process,  rather  than  self-contained  and  completely  reversible.  In 
such a process at least one of the photolytic products will be continu- 
ally dissipated, either in the secondary reaction which follows excita- 
tion, or by diffusion away from the place where it is effective.  The 
effective rate at which such a  material is supplied is the rate of the 
photochemical part  of the reaction system,  and  the kinetics of the 
dark process  and  the  stationary  state  condition merely control the 
concentration of the sensitive substance which absorbs the light. 
The least satisfactory part of the derivation is the dependence on 
initial difference in rates rather than the final adapted difference be- 
tween two rate levels.  When the data are obtained by the method 
of moving stripes, as they are with insects, the assumption that these 
initial rates are important is realistic enough.  However, data with 
the human eye, obtained with persistent awareness of a  difference in 
brightness, does not easily seem to represent the result of momentary, j.  ST~T  207 
impermanent changes.  Against  this  feeling one  may  advance  the 
argument, as Hecht has done, that persistent ocular movements renew 
the sensation continually.  In the absence of an adequate surround, 
these same ocular movements prevent  the  attainment of complete 
retinal  adaptation,  as we have seen. 
These conclusions are strengthened by the fact that efforts to de- 
scribe  the  data  by  equations  in  terms of  a  constant  difference of 
adapted rather than instantaneous rate levels have been consistently 
unsuccessful.  Moreover, all attempts to derive a  theoretical photo- 
chemical basis  for  the  data  on  a  variety  of  different  assumptions 
yielded distinctly unsatisfactory functions, and have emphasized the 
peculiar adequacy of equation (1)  for describing the greater part of 
the measurements'. 
VI 
S~-MM  ARY 
New measurements of the brightness difference sensibility of the 
eye corroborate the data of previous workers which show that AI/I 
decreases as I  increases.  Contrary to previous report, AI/I does not 
normally  increase  again  at  high  intensities,  but  instead  decreases 
steadily,  approaching a  finite limiting value, which depends on the 
area of the test-field and on the brightness of the surrounding field. 
On a logarithmic plot, the data of AI/I against I for test-fields below 
2  ° are continuous, whereas those for test-fields above 2  ° show a sharp 
discontinuity in the region of intensity in which M/I decreases rapidly. 
This discontinuity is  shown to  divide the data into predominantly 
rod function at low intensities, and predominantly cone function at 
high intensities.  Fields below 2  °  give higher values of A[/I at  all 
intensities, when compared with larger  fields.  Fields greater  than 
one or two degrees differ from one another principally on the low in- 
tensity side of the break.  Changes in area above this limit are there- 
fore mainly effective by changing the number of rods concerned.  This 
is confirmed by experiments controlling the relative numbers of rods 
and  cones  with  lights  of  different  wavelength  and  with  different 
retinal locations. 
At high intensities ,~d/I is extremely sensitive to changes in bright- 208  VISUAL INTENSITY DISCRIMINATION 
ness  of  surrounding visual  fields,  except  for  large  test-fields  which 
effectually  furnish their  own surrounds.  This  sensitivity  is  especi- 
ally  marked  for  fields  of  less  than half  a  degree  in  diameter.  Al- 
though the  effect  is most  conspicuous for high intensities,  the  sur- 
round brightness seems to affect the relation between variables as a 
whole,  except  in  very  small  fields  where  absence  of  a  surround of 
adequate brightness results in the distortion of the theoretical relation 
otherwise found. 
The  theoretical  relationship  for  intensity  discrimination  derived 
by Hecht is shown to fit practically all of the data.  Changes in experi- 
mental  variables  such  as  retinal  image  area,  wavelength,  fixation, 
and criterion may be described as affecting the numerical quantities of 
this relationship. 
It is a pleasure for me to acknowledge my indebtedness for advice 
and assistance received from Professor Selig  Hecht throughout the 
course of this research.  I  also  wish to express my obligation to all 
those who have worked in the Laboratory of Biophysics at Columbia 
University during the time that this research has been in progress. 
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